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A theoretical and experimental investigation on the magnetocaloric properties of the rare earth pseudo-
binary compounds Gd1nPrnAl2 is presented. The calculated isothermal entropy and adiabatic tempera-
ture changes under magnetic ﬁeld variations from 0 to 2 T and from 0 to 5 T are in good agreement with
the experimental data. For the Pr-concentrations n¼0.25, 0.5 and 0.75 the experimental data present an
inverse magnetocaloric effect which was theoretically predicted and associated with the competition
between the opposite magnetizations of the Gd and Pr sublattices. The two-sublattice Hamiltonian used
in the calculations takes into account the crystal ﬁeld, exchange and Zeeman interactions.
& 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
In the last 13 years, many magnetic materials have been investi-
gated in order to determine their magnetocaloric properties. The
magnetocaloric effect (MCE) is the thermal response of a magnetic
material to an appliedmagnetic ﬁeld. This response is characterized by
two thermodynamic quantities, namely: the adiabatic temperature
change ðDTSÞ and the isothermal entropy change ðDST Þ. The attentions
to theMCEcanbeascribed to thediscoveryof thegiantmagnetocaloric
effect (GMCE) in Gd5Si2Ge2 in 1997 by Pecharsky and Gschneidner [1]
and also to the expectation of the development of magnetic refrigera-
tion at room temperature [2,3]. This technology is supposed to be
cleanerandmoreefﬁcient than theconventional refrigerationbasedon
HCFC’sgases,whichhasanegative inﬂuenceonEarth’s atmosphere [4].
Dueto this technological appeal the researcheson theMCE focuson the
development of new magnetic materials and on the inﬂuence of
external parameters, e.g., external pressure, in order to achieve a great
refrigerant capacity around room temperature [5].
In what concern theoretical aspects, some of us have been
successful in explaining the magnetocaloric properties of some
magnetic materials among which the Laves phase compounds RAl2
and RCo2 [6–8]. More recently, we have reported the inﬂuence of
different magnetic arrangements (antiferro- and ferromagnetic) on
the magnetocaloric effect. Using a simple model that assumes only
exchange interactions we were able to reproduce several magnetiza-
tion proﬁles thatmay occur for these arrangements and their relation5.
Sousa).
sevier OA license.to an inversemagnetocaloric effect [9]. Fromanexperimental point of
view, several works on the MCE in Laves compounds have been
published, such as in the pseudo-binaries Gd1xErxAl2 [10], Dy(Co,
Al)2 [11], Tb1xYxAl2 [12], Gd(Fe, Al)2 [13,14] and Er1xTbxAl2 [15].
In the present work we deal with ferrimagnetic systems
throughout a Hamiltonian that considers not only exchange
interactions but also crystal ﬁeld (CF) effects. To this purpose we
have chosen to study the series of pseudo-binary compounds
Gd1nPrnAl2 ð0ono1Þ. Williams and co-workers [16] have stu-
died ﬁve systems R1nRunAl2, where R, Ru¼ rare earths, including
the series Gd1nPrnAl2. Their experimental work has indicated that
the pseudo-binary systems inwhich both lanthanides are light (the
ions from Ce to Sm) or both are heavy (the ions from Gd to Yb)
couple ferromagnetically, whereas for light–heavy combinations
the coupling is ferrimagnetic. A recent work has conﬁrmed the
ferrimagnetic coupling in Gd0.5Pr0.5Al2 bymeans of X-raymagnetic
circular dichroism (XMCD) measurements [17].
In our calculations, the two magnetic sublattices model Hamil-
tonian takes into account the Zeeman, exchange and CF interac-
tions. Our theoretical results for the isothermal entropy change
undermagnetic ﬁeld intensity variations from0 to 2 T and from0 to
5 T are in good agreement with our experimental data for this
magnetocaloric quantity.2. Experimental procedure
Polycrystalline samples of GdAl2, Gd0.75Pr0.25Al2, Gd0.5Pr0.5Al2,
Gd0.25Pr0.75Al2 and PrAl2 were prepared by arc-melting the elements
in high-purity argon atmosphere on a water-cooled copper hearth.
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homogeneous samples. The purity of the starting materials was
99.99 wt% for aluminum and 99.9 wt% for the rare earth metals. The
as-cast samples were annealed under argon atmosphere in a quartz
tube at 1270 K for 5 h. The annealed sampleswere analyzedbyX-rays
diffraction andmetallography and theypresent single phasewith C15
cubic Laves phase structure.
Magnetic measurements were performed in a commercial
SQUID magnetometer (Quantum Design). The isothermal entropy
change for the compounds with n¼0.25 and 0.75 was obtained
from M vs. T data, whereas for n¼0, 0.5 and 1, DST was obtained
from M vs. H data.Table 1
Critical temperatures (TC) and molecular ﬁeld parameters assumed for the
investigated Gd1nPrnAl2 compounds. The negative sign in lGdPr is due to the
ferrimagnetic coupling between Gd and Pr ions.
Compound TC (K) lGd ðmeVÞ lGdPr ðmeVÞ lPr ðmeVÞ
GdAl2 167 2.74 – –
Gd0.75Pr0.25Al2 148 2.25 0.555 0.104
Gd0.5Pr0.5Al2 110 1.6 0.49 0.26
Gd0.25Pr0.75Al2 71 1.0 0.309 0.372
PrAl2 34 – – 0.54
Fig. 1. Magnetization vs. temperature for the Gd1nPrnAl2 compounds calculated at
zeromagnetic ﬁeld. GdAl2 and PrAl2 are ferromagnetic compounds, for 0ono1 the
compounds are ferrimagnetic. The arrow indicates the compensation temperature
in Gd0.25Pr0.75Al2.3. Calculations
In order to describe the magnetocaloric properties of the
Gd1nPrnAl2 compounds, we start from a Hamiltonian formed by
two magnetic sublattices:
H¼HGdþHPr , ð1Þ
where
HGd ¼ðgGdmBm0~HþlGd/~J
Gd
SþlGdPr/~J
Pr
SÞ:~JGd, ð2Þ
HPr ¼ðgPrmBm0~HþlPr/~J
Pr
SþlPrGd/~J
Gd
SÞ:~JPrþHCF: ð3Þ
The pseudo-binaries studied here crystallize in the cubic C15 Laves
phase structure, in which the rare earth site is described by the
point group Td [18]. Therefore the CF Hamiltonian presents only
fourth and sixth order terms, and can be written in the Lea–Leask–
Wolf notation as [19]
HCF ¼W xF4 ðO
0
4þ5O44Þþ
1jxj
F6
ðO0621O46Þ
 
: ð4Þ
Relations (2) and (3) are the single-ion sublattice magnetic
Hamiltonians taken in the mean-ﬁeld approximation, where gd
(d¼Gd,PrÞ is the Lande´ factor,mB the Bohrmagneton, m0 the vacuum
permeability, ~H the applied magnetic ﬁeld. ld is the intrasublattice
molecular ﬁeld parameter, ldr ¼ ldr the intersublattices molecular
ﬁeld parameter, /~J
d
S is the mean thermodynamic value of the total
angular momentum operator~J
d
. Relation (4) is the single-ion cubic
crystal ﬁeld Hamiltonian, acting on the Pr-ions. The On
m are Stevens’
equivalent operators [20] and W and x are, respectively, parameters
that determine the strength and the ordination of the splitting of the
(2J+1)-fold degenerate Hund’s ground state. F4 and F6 are dimension-
less constants tabulated in Ref. [19].
The averages of the component of the total angular momentum
/JdkS of each sublattice are obtained from
/JdkS¼
P
ed
i
/edi jJdk jedi See
d
i
=kBT
P
ed
i
ee
d
i
=kBT
, ð5Þ
where edi and jedi S are the eigenvalues and eigenvectors of the
dsublattice Hamiltonian and kB is the Boltzmann constant. The
magnetization components are calculated considering Mdk ¼
gdmB/JdkS.
The total entropy for the Gd1nPrnAl2 compounds, necessary to
calculate the magnetocaloric quantities, is obtained from
Stot¼(1n)SGd(T,H) + nSPr(T,H), and the dsublattice entropy Sd
is calculated by relation (13) presented in Ref. [17].
The magnetocaloric effect is obtained by means of the usual
relations
DST ¼ StotðT ,H¼ 0ÞStotðT ,Ha0Þ, ð6Þ
DTS ¼ TðStot ,Ha0ÞTðStot ,H¼ 0Þ: ð7Þ4. Results and discussions
In order to apply the model to the series of compounds
Gd1nPrnAl2 we considered the set of molecular ﬁeld parameters
listed in Table 1. These parameters were chosen to adjust the
critical temperature (TC) of the various compoundswith n ¼0, 0.25,
0.5, 0.75, 1.0.
The crystal ﬁeld parameters x¼0.739 and W¼0.329 meV for
PrAl2 (n¼1) were obtained from Ref. [21]; for GdAl2 (n¼0) there is
no crystal ﬁeld effects (since Gd does not present orbital angular
momentum). In the intermediate caseswehave considered x andW
equal to that of PrAl2. The external magnetic ﬁeld is applied along
the /0 0 1S direction.
Fig. 1 shows the magnetization of the Gd1nPrnAl2 compounds
vs. temperature at zero magnetic ﬁeld. GdAl2 and PrAl2 are ferro-
magnets with calculated spontaneous magnetization (M0) of 7 and
3:05mB and ordering temperatures of 167 and 34 K, respectively.
The compounds Gd0.75Pr0.25Al2, Gd0.5Pr0.5Al2 and Gd0.25Pr0.75Al2
are ferrimagnets with the respectives M0 and Ne´el temperatures:
4:48mB and 148 K, 1:95mB and 110 K, 0:57mB and 71 K. The
magnetization for the compounds with n¼0.25 and 0.5 increases
with the temperature up to a maximum in T0¼45 and 57 K,
respectively. Above T0 the magnetization decreases with further
increase in temperature. This behavior in the magnetization is due
to the competition between the sublattice magnetizations during
the increase in temperature. In fact, the Gd-sublattice magnetiza-
tion decreases slower than the magnetization of the Pr-sublattice
due to the chosen intrasublattice exchange parameters.
The compound Gd0.25Pr0.75Al2 shows a compensation at
Tcomp¼43 K, as indicated by the arrow in Fig. 1. This compensation
ab
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with opposite signals. Note that above Tcomp the magnetization
becomes negative, since the modulus of MGd (negative) becomes
greater than MPr (positive), and after reaching a minimum in
T0¼61 K it goes to zero at TN.
Fig. 2 shows the calculated speciﬁc heat for the Gd1nPrnAl2
compounds at null ﬁeld. Note throughout the series the second-
order behavior of the ferri/ferro-paramagnetic transition charac-
terized by the sharp variation of the speciﬁc heat around TN/TC. Our
measurements of the speciﬁc heat for the compound with n¼0.5
show a good agreement with our calculations. It is worthmention-
ing that the sharpness of the transition in our calculations is due to
mean-ﬁeld approximation, which does not take into account spin
ﬂuctuations around the transition temperature.
Fig. 3 shows the magnetic entropy for the Gd1nPrnAl2 com-
pounds calculated vs. temperature at zero magnetic ﬁeld. The
entropy saturation throughout the series varies linearly from
17.3 J/mol K (GdAl2) till 17.8 J/mol K (PrAl2), as detailed by the full
circles in the inset.Note that the variationof the entropy around the
critical temperatures does not follows a linear behavior as we
increase Pr-concentration, as shown by the full triangles in
the inset.Fig. 2. Zero ﬁeld speciﬁc heat calculated for the Gd1nPrnAl2 compounds vs.
temperature.
Fig. 3. Magnetic entropy of the Gd1nPrnAl2 compounds calculated for H¼ 0 as a
function of temperature. The arrows indicate Pr-concentration increase. The inset
shows how Smag
sat (full circles) and Smag at TC/TN (full triangles) varies throughout the
series.
Fig. 4. Isothermal entropy change (a) and adiabatic temperature change (b) of
Gd0.5Pr0.5Al2 undermagnetic ﬁeld intensity variations from0 to2 T (open circles and
dashed lines) and from 0 to 5 T (full squares and solid lines). The symbols represent
experimental data and the curves represent the calculations.Fig. 4(a) shows the temperature dependence of the isothermal
entropy change for the compound Gd0.75Pr0.25Al2 calculated (solid
and dashed lines) andmeasured (symbols) for two variations in the
intensity of themagnetic ﬁeld: from 0 to 2 T and from 0 to 5 T. Note
the good agreement between theoretical and experimental results.
Since DST can be obtained from the Maxwell relation
DST ðT ,HÞ ¼ m0
Z Hf
Hi
@MðT ,HÞ
@T
 
dH, ð8Þ
an inverse magnetocaloric effect ðDST40Þ is expected to occur
when the magnetization increases with temperature, and it is
indeed observed for the ferrimagnetic compounds Gd0.75Pr0.25Al2,
Gd0.5Pr0.5Al2 and Gd0.25Pr0.75Al2. Under the magnetic ﬁeld varia-
tions from 0 to 2 T and 0 to 5 T, the maxima in DST for
Gd0.75Pr0.25Al2 are 3.3 and 6.5 J kg
1 K1 (taken from the experi-
mental curves), respectively. In Fig. 4(b) are shown the correspon-
dent DTS curves for the Gd0.75Pr0.25Al2 compound.
Fig. 5 shows DST and DTS curves of Gd0.5Pr0.5Al2 vs. tempera-
ture. Note in Fig. 5(a) the good agreement between experimental
data (symbols) and theoretical results (solid and dashed lines). It is
worth mentioning that in Ref. [17] we have performed measure-
ments and calculations of DST and DTS for this compound under
m0DH¼ 2 T, but in that work the experimental results were
obtained from speciﬁc heat data. Here we present results from
magnetizationmeasurements for twodifferent ﬁeld variations, and
we note a correspondence between both results. The maxima in
DST at the critical temperature are 2.7 and 5.2 J kg1 K1 for
ab
Fig. 5. Temperature dependence of the isothermal entropy change (a) and of the
adiabatic temperature change (b) of Gd0.5Pr0.5Al2 for m0DH¼ 2 T (dashed lines and
open circles) and form0DH¼ 5 T (solid lines and full squares). The symbols represent
experimental data and the curves the theoretical results.
a
b
Fig. 6. Isothermal entropy change (a) and adiabatic temperature change (b) of
Gd0.25Pr0.75Al2 vs. temperature for magnetic ﬁeld intensity variations from 0 to 2 T
(dashed lines and open circles) and from 0 to 5 T (solid lines and full squares). The
curves represent calculations and the symbols experimental data.
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respectively.
Fig. 6 shows the isothermal entropy change and the adiabatic
temperature change of Gd0.25Pr0.75Al2 vs. T. Note in Fig. 6(a) that
despite the discrepancybetweenour calculations (solid anddashed
lines) and the experimental results (symbols) in the region
between the two positive peaks in the measured DST curves
(from23 until 70 K), the behavior of the isothermal entropy change
is qualitatively reproduced by our model. We attribute the large
negative peak in DST and DTS to a magnetization inversion
process. In the 2 T theoretical curve (dashed line) this process
occurs at TM¼ 31 K and in the 5 T one (solid line) at TM¼ 42 K. From
the experimental curves in Fig. 6(a) the peak values inDST around
TN are 2.5 and 1.4 J kg
1 K1 under magnetic ﬁeld changes from 0
to 2 T and 5 T, respectively. Fig. 6(b) shows the corresponding
calculated DTS curves.
Fig. 7 showsmagnetization calculationsunder appliedﬁelds of 2
and 5 T for the Gd0.25Pr0.75Al2 compound. Note from the insets,
which show the behavior of the Gd and Pr sublattice magnetiza-
tions, that below TM the Pr-magnetization is positive whereas the
Gd-one is negative. Nevertheless, at TM an inversion occurs
changing the sign of each sublattice magnetization. Note from
the solid lines in Fig. 7 that our calculations show a discontinuity in
MH at the inversion temperature, which certainly induces the large
negative peak in theMCE curves. It can also be seen a compensationat Tcomp¼46 K for the 2 T curve and at Tcomp¼41 K for the 5 T one.
In fact, an inversion of the sublattice magnetic moments in a single
crystal of a similar ferrimagnetic compound, Nd0.75Ho0.25Al2, was
experimentally observed and reported by Kulkarni et al. [22].
Fig. 8 shows the critical temperature, the lattice parameter and
the isothermal entropy change at TC/TN dependence on the Pr-
concentration. From the upper panel in the ﬁgure one notes a linear
decrease in the ordering temperature and a linear increase of the
lattice parameter as Pr-concentration increases. As for DST one
notes a linear decrease in the ferrimagnetic region as we add Pr.
Larger ﬁeld variations lead to larger DST peaks as can be seen by
comparing the 2 T results (open squares) with the 5 T ones (full
squares), as in Fig. 8(b).5. Conclusions
Using a two coupledmagnetic sublattices Hamiltonianwewere
able to explain and satisfactorily reproduce the magnetocaloric
effect in the series of compounds Gd1nPrnAl2. From our model
Hamiltonian the ferrimagnetic arrangement between the sublat-
tice magnetizations is taken into account in the sign of the
intersublattice molecular ﬁeld parameter, which is negative. For
the ferrimagnetic compounds in this series we observed an inverse
magnetocaloric effect, which was ascribed to a competition
a b
Fig. 7. Magnetization of the Gd1nPrnAl2 compound calculated undermagnetic ﬁelds of 2 T (a) and 5 T (b). At TM¼42 and 31 K amagnetization inversion occurs, as indicated
by the arrows. The insets show the Gd-sublattice (dashed lines) and Pr-sublattice (solid lines) magnetizations.
a
b
Fig. 8. (a) Critical temperature (full circles) and lattice parameter a (full triangles),
(b) isothermal entropy changemeasured around TC/TN formagnetic ﬁeld changes of
2 T (open squares) and 5 T (full squares) as a function of Pr-concentration. The lines
serve as guides for the eyes.
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tions. We have also shown that the critical temperature decreases
as a function of Pr-concentration, whereas the lattice parameterincreases. The peak in the magnetocaloric quantities decreases as
wemove throughout the series, and the peaks are higher for larger
magnetic ﬁeld variations. The model Hamiltonian applied to this
series can be used to study the magnetic and magnetocaloric
properties of other similar ferrimagnetic systems of the type
RnRu1n Al2, where R¼heavy rare earth and Ru¼ light rare earth.Acknowledgments
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